ABSTRACT Objective
INTRODUCTION
Stroke is a major cause of morbidity and mortality, contributing significantly to the global health economic burden. 1 The standard neurological assessment of stroke patients, the National Institutes of Health Stroke Scale (NIHSS), is weighted significantly towards motor and sensory function, 2 consistently underestimating cognitive deficit that may be responsible for the subtle organisational dysfunction affecting many stroke patients. 3 The ocular motor system is the first motor system to become functional in humans, and its organisation may be representative of sensorimotor integration in the somatic motor system. Whether or not this is true, anatomical substrate for motor function, and its higher order cognitive processes, occupy a significant amount of brain substance. [4] [5] [6] [7] [8] [9] Processes which disrupt brain tissue may be reflected in the assessment of cognitive processing required for ocular motor function. To this end, ocular motor studies, particularly those including paradigms to evaluate the cognitive processing of sensory input that influences motor output, have demonstrated significant characteristic abnormalities in degenerative diseases (Parkinson's disease, [10] [11] [12] [13] [14] Huntington's disease [14] [15] [16] ), developmental disorders (autism spectrum disorders 17 ) and lesional diseases, such as multiple sclerosis. [18] [19] [20] [21] Cognitive processes, such as attention ( prioritisation of sensory input), inhibitory control (the capacity to delay responses and ignore distraction), working memory, and learning and decision making processes, influence saccadic parameters. 4 Moreover, although there is evident close correlation between studies of cognitive processing in ocular motor function and established cognitive tests, studies of ocular motor function have the advantage of evaluating the output effects of such deficits, and of quantifying them. Based on these observations it would seem that measures of the ocular motor system and its interactive cognitive systems may represent brain function more generally, potentially providing insight into the pathophysiology of dysfunctional states.
In the ocular motor system we are able to precisely control sensory input while being able to accurately measure motor output with modern eye tracking equipment. Major advantages include the limited degrees of freedom of movement of the eyes and the relative lack of complicating inertial influences. This provides a powerful tool for the investigation of neurocognitive and psychopathological processes in humans. 6 8 Traumatic brain injury is, like stroke, usually a singular event. There are few studies of ocular motility in moderate or severe trauma but, in mild diffuse brain injury, 22 abnormalities have been identified, characterised as impairment of response inhibition, visuospatial memory and attention. We suggest that ocular motor measures have the potential to be valuable in the assessment of neurological recovery post stroke. By demonstrating comparable sensitivity with the neurophysiological abnormalities seen in studies of other disease processes, they may provide quantifiable sensitive markers of both motor and cognitive deficits in stroke patients, especially relevant in those patients with good motor and language recovery but complaints of difficulty coping with a return to normal activity, possibly due to subtle cognitive deficits. We did not attempt to differentiate patients with regards to anatomical location of the stroke and differential deficits that might have been observed with specific regions. This was considered beyond the scope of this study.
Methods
Given the exploratory nature of this study, we chose a comprehensive range of ocular motor assessments to capture performance over both volitional and more reflexive eye movements, incorporating a range of cognitive functions.
1. Visually guided saccades: assessment of the generation and control of more reflexive saccades, including an evaluation of attention, response suppression, predictive or anticipatory behaviours, and reprogramming of movement parameters. Participants generated 5°or 10°saccades to visual targets as they were illuminated, using unpredictable/predictable target sequences to modulate attentional state prior to saccade generation. The key measurements were saccade latency (ms), amplitude (degrees) and position error of the final movement. 2. Volitional saccades: assessment of the volitional generation of saccades (top down), including an evaluation of planning, response suppression and spatial working memory.
Participants generated 5°or 10°saccades to visual, imagined or remembered targets according to the experimenter's requirements, using: A. antisaccades, whereby saccades were directed towards a spatial location in the opposite visual field to that of the stimulus; and B. a memory guided protocol, whereby saccades were made to previously illuminated stimuli (working memory). 3. Standard clinical assessment using NIHSS score and the modified Rankin Scale (mRS) score at each testing time point. 4. Brief assessment of cognitive function using the Depression Anxiety Stress Scales (DASS), Backward Digit Span and Mini-Mental State Examination (MMSE). For stroke patients, testing was conducted over three sessions, each lasting approximately 1 h:
1. Within 10 days of stroke 2. At 1 month post stroke 3. At 3 months post stroke. Thirteen healthy controls were tested only once. It was felt that, although practise effects may occur, these would not be relevant in this setting where we were establishing deviation from normal function in patients post stroke.
Statistical analysis
To compare parameters between patients and controls at the time of the initial assessment, t tests were used. Changes within stroke patients over the three testing sessions were assessed using a repeated measures analysis of variances (ANOVA) and non-parametric tests (eg, χ 2 test for the error rate). The relationship between NIHSS, mRS and ocular motor measures was assessed using Pearson's 'r' correlations.
RESULTS
We will report here only those paradigms that showed significant deficits at onset, and demonstrated change in function over 3 months. In particular, these were measures of working memory, and planning and inhibitory control (memory guided saccades and antisaccades).
Clinical and cognitive measurements
Unfortunately, only nine control subjects underwent a full set of cognitive function tests compatible with those performed for the patient group. We did have eye movement data in a larger number, as indicated. We reviewed the statistics on eye movements using only subjects who completed all neuropsychological studies and there was no significant difference. Compared with the control group, stroke patients scored worse on tests of cognitive function. MMSE scores tended to be lower than absolute normal for age in patients but the reduction did not represent significant cognitive failure. It remains possible that more extensive testing in these domains might have shown more definable deficits across different domains. In this setting however, it was felt appropriate to proceed with less labour intensive clinical screening tools.
Patients consistently performed poorly on the Backward Digit Span. Similarly, there were elevated scores for depression, anxiety and stress in the patient group. Notably, there were no significant changes over the three time sessions for any of the cognitive measurements (table 2) . We did note, however, that in contrast, the improvement in motor function was progressive, patient NIHSS scores decreasing significantly during the 1 month and 3 month follow-up periods ( p=0.03 and 0.01, respectively) (table 2) . This raises the possibility of pre-existing cognitive pathology in patients prone to major cerebrovascular events, possibly on the basis of more widespread, pre-existing, previously asymptomatic, small vessel disease. That is beyond the scope of this current study to explore.
Visually guided saccades
These were well performed with normal latencies and saccade parameters (table 3) . Mean amplitudes and mean absolute position error for stroke patients were normal relative to control participants. Interestingly, the patient group did not show any degradation in performance in the presence of distractor stimuli (table  3) . At time point 1, there was no difference between controls and stroke patients in latency, amplitude or mean absolute position error. This may be a reflection of the fact that we specifically selected patients with mild disease, but this could also be a statistical issue based on the diversity of anatomical pathology in the patient group.
There was no change over time in visually guided saccade performance in stroke patients on latency, amplitude or mean absolute position error (table 4).
Antisaccades
At the time of the initial assessment, stroke patients generated significantly more errors (inappropriate prosaccades to stimulus) than healthy controls (t(19)=3.68, p=0.002) ( figure 1, table 3) , and reaction times, as measured by saccade latency, were slower (t(19)=2.28, p=0.034) (table 3) .
There was no difference between patients and controls with respect to mean absolute position error. No correlation was found between error rate and other clinical measurements, such as NIHSS, DASS and MMSE, at the initial assessment in the stroke or control group. The error rate for stroke patients significantly improved in the first month ( p=0.019) relative to the initial assessment (figure 1). At 3 months their error rate had improved to a level that was not statistically significantly different from control participants ( figure 1 ). This may be a manifestation of increased SD given that the mean error rate was greater in the patient group.
In summary, latency was prolonged initially, and error rate remained increased with patients being significantly more variable as a group than control subjects but showing a trend towards normal function. 
Memory guided saccades
Patients made significantly more errors than healthy controls at the time of the initial assessment ( p=0.001). Repeated measures ANOVA indicated that there was a significant improvement in error rate from the time of initial assessment to the final assessment ( p=0.035) (figure 2). The patient mean error rate remained higher than the control group but was not statistically different from normal. There was no difference between groups in mean absolute position error (table 3) . Similar to the antisaccade study, no correlation was found between error rate and other clinical measurements at the time of the initial assessment.
DISCUSSION
There are currently no studies of ocular motor tests being used to document cognitive deficits in acute stroke patients and their neurological recovery post stroke. However, patients, even with mild strokes, often complain of 'not being normal' for quite some months after stroke. Cognitive deficits have been identified in stroke patients. [23] [24] [25] Although this was not primarily a study of conventional tests of cognitive function, in this limited study, patients had higher scores for depression than would be considered normal. There was no longitudinal improvement in these scores over 3 months. This is consistent with reports showing that depression is more commonly present in stroke patients and not infrequently worsens over time following stroke. 26 The presence and persistence of depression and abnormal scores for cognitive function may reflect preexisting pathology, possibly vascular, in this group of patients, and may not simply result from the stroke. 25 The question arises as to whether depression alone could explain the abnormalities observed. There is a paucity of literature on this but, in previous studies undertaken in this laboratory in melancholic and non-melancholic depression, 27 28 the primary abnormalities were slightly elevated peak velocity amplitude in non-melancholic depressives for larger saccades and lowered peak velocities in melancholic patients. No abnormalities of memory guided saccades were seen in either group. Melancholic depressives showed some inaccuracy of recalculated saccades after unpredictable 'odd ball' changes in target amplitude and direction. Antisaccades were not specifically investigated. The pattern of results was not reminiscent of those seen in our patients and, although not entirely excluding the possibility of a depression contributing, these results would support our contention that our findings represent true changes in cognitive processing of ocular motor responses secondary to stroke related pathology.
Although the stroke patients enrolled in this study had relatively low NIHSS and mRS scores, their ocular motor test parameters showed quantifiable abnormalities, especially early in the course of the recovery period, with progressive change, towards normal, especially in the two most robust areas of abnormality, the performance of memory guided saccades and antisaccades. Significantly, performance of these tasks is dependent on extensive activity in complex and diffuse circuits, which we might expect to be more susceptible to even minor disruption.
The absence of inhibitory errors to distractors may be a manifestation of task complexity. The shorter mean latencies over time, in memory guided protocols, may indicate either a subsequent reduction in inhibitory control or possibly facilitation of release of a target of regard indicating impairment of more complex circuitry involved in attentional shifts and eye movement control.
We did not demonstrate an abnormality in visually guided saccadic function. This may be a manifestation of the fact that pathology was diverse and that inhibitory errors may be more evident with further studies of more specific pathology or with larger numbers of subjects.
Of note is that these findings did not correlate with other clinical measurements, indicating that that these quantifiable tests of input, cognitive processing and output may be independent or, more likely, more subtle markers of brain dysfunction than NIHSS and mRS. This should be interpreted with some caution, however, as the spread of scores for cognitive testing was narrow and there is a known ceiling effect with MMSE scores in particular.
Similar studies in multiple sclerosis have shown sensitivity of ocular motor paradigms and are showing potential for documenting disease progression. [18] [19] [20] [21] It may be that ocular motor testing, which is simple and cheap, may ultimately be a more effective way of assessing widespread neurological disease given the difficulties of accessing comprehensive neuropsychological assessment in a timely manner.
These studies raise the possibility of conducting wider ranging studies. Ocular motor studies addressing cognitive function may also provide insight into the vague feelings of dysfunction complained of by many patients following cardiac bypass surgery. They may help characterise early deficits in patients with substantial subcortical ischaemic disease, identified incidentally but This study has demonstrated the capacity to document change in these mildly affected patients using a small sample of potential studies. We would note that we have not undertaken the extensive cognitive testing required to validate cognitive abnormality in our patient group, all of whom were mildly affected neurologically. Such a deficit has been demonstrated [23] [24] [25] but requires extensive testing over a 2 h period, with subsequent analysis, and is highly resource dependent. By comparison, our ocular motor data are collected and analysed in less than an hour of testing, undertaken by a technician. Our results suggest that there is subtle cognitive dysfunction, reflected in the ocular motor system, that persists for months, even after mild stroke, seemingly independent of the apparent improvement in motor and primary sensory function. Rather than this being evidence of independence of the two systems, ocular motor and somatic motor, it more likely represents a lack of sensitivity of functional testing of somatic motor parameters in a clinically convenient manner.
It may well be that cognitive retraining of attentional systems, especially in the early stages of recovery, may help recovery overall and facilitate the return towards more normal function as well as patient perception of well being.
Further large studies are needed to confirm these findings and explore the correlation between ocular motor studies and the pathophysiology of different types of stroke. The finding of specific abnormalities on tests of cognitive function, persistent throughout the experimental period, does raise the possibility of more longstanding mild cognitive impairment in at least some of these patients. Given that the risk factors for small vessel disease and stroke are essentially the same, it remains possible that there may be pre-existing small vessel disease, predisposing to both stroke and cognitive impairment, at a much earlier stage than we have hitherto suspected. Our patients did not have radiological evidence of extensive small vessel disease but it might be that further studies of patients with relatively mild disease on radiological studies merit further investigation and characterisation of deficits. Such tests as we have performed in these studies may be a sensitive, accurate and inexpensive means of testing otherwise asymptomatic patients who come to attention for incidental reasons. It is possible that early aggressive intervention may prevent deterioration. This is an area that deserves further exploration.
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